We have developed an indirect enzyme-linked immunosorbent assay for detection of anti-dengue virus (DENV) immunoglobulin G antibodies using four recombinant DENV envelope polypeptides as antigens, which demonstrated a sensitivity of 89.4% and a specificity of 93.3%. These easily produced antigens are a feasible, cost-effective alternative for generating reagents for dengue serological tests.
The accurate and efficient diagnosis of dengue is important for clinical care, surveillance, pathogenesis studies, and vaccine research. Dengue viruses consist of four serotypes (DENV1 to -4) (17) and cause a spectrum of disease ranging from self-limited illness (dengue fever) to more severe forms of disease (dengue hemorrhagic fever/dengue shock syndrome) (25) . Dengue is one of the most important mosquito-borne viral diseases in the world (10), with 2.5 to 3 billion people at risk for infection and tens of millions of dengue cases annually. Nonetheless, the disease remains significantly underreported (15) . Although numerous commercial kits for serological diagnosis of dengue are available, some of which have shown good sensitivity and specificity (3, 8) , their cost poses a financial burden to many countries where dengue is endemic.
Enzyme-linked immunosorbent assay (ELISA)-formatted tests to detect anti-DENV immunoglobulin G (IgG) antibodies have been developed as an alternative method to the hemagglutination inhibition test, which has served as the "gold standard" for the diagnosis and classification of DENV infections (4, 5, 12, 18, 25) . Moreover, an IgG-ELISA was reported to be an accurate and reliable assay for characterization of human immune responses in primary and secondary DENV infections (18) . However, these ELISAs require viral antigen produced, in limited quantities, by growing DENV in cell culture or in suckling mouse brain, which is insufficient for the large-scale serological screening made necessary by the spread of the disease. Furthermore, the use of whole viruses or crude extracts represents potential health hazards through exposure to infectious virus particles. To overcome this problem, we developed and evaluated an in-house ELISA for detecting anti-DENV IgG antibodies using as the antigen a mixture of DENV1 to -4 recombinant polypeptides, as its use for IgM capture has been previously demonstrated (23) . Fragments of approximately 500 bp from the 5Ј end (nucleotides 1093 through 1585) of the DENV1 to -4 E genes were amplified by reverse transcription-PCR (RT-PCR) and cloned into an expression vector, and the immunogenic E polypeptides (ϳ25 kDa) were easily expressed in Escherichia coli (7, 23) .
The 271 sera used in this study were from the Flavivirus Laboratory, Oswaldo Cruz Institute/FIOCRUZ, Brazil (1998 to 2005). Laboratory-positive DENV infection was defined in patients experiencing a febrile illness consistent with dengue according to WHO criteria (25) , in accordance with which infection was confirmed by DENV isolation (9), detection of DENV RNA by RT-PCR (16), detection of anti-DENV IgM antibodies by IgM antibody capture ELISA (19) , and/or a fourfold or greater rise in anti-DENV IgG-ELISA titer in paired acute-and convalescent-phase sera (18) . Individuals were classified as negative for DENV infection if results were negative by all the methods described above. A panel of 113 paired sera from laboratory-confirmed dengue cases and 45 single samples from nondengue cases was divided into six groups: groups A to C, paired sera from patients infected with DENV1 (n ϭ 21), DENV2 (n ϭ 15), and DENV3 (n ϭ 25), respectively; group D, paired sera from serologically confirmed DENV-infected patients whose serotype was not identified (n ϭ 52); group E, single sera from healthy individuals confirmed as dengue negative (n ϭ 15); group F, unpaired sera from individuals positive for anti-yellow fever virus antibodies and negative for anti-DENV antibodies (n ϭ 10); group G, single sera from measles patients (n ϭ 10); group H, unpaired sera from rubella patients (n ϭ 10). When paired sera were analyzed, the convalescent-phase sera were collected approximately 14 days (range, 13 to 18) after the acute-phase serum sample.
The standard IgG-ELISA was performed as previously described (18) . For the recombinant polypeptide-based IgG-ELISA (REC IgG-ELISA), 96-well plates (Immulon Dynatech Industries, Inc., Chantilly, VA) were coated with 75 l of a mixture of DENV1 to -4 recombinant polypeptides (6 g/ml of each per well) and incubated overnight at 4°C. Plates were blocked in phosphate-buffered saline (PBS), pH 7.4, 3.5% nor-mal goat serum, and 0.05% Tween 20 (PNT) for 1 h at 37°C. One hundred microliters of serum diluted 1:40 in PBS with 1.5% nonfat dry milk was added, plates were incubated at 37°C for 1 h, and then 40 l of horseradish peroxidase-conjugated anti-human IgG (Sigma Chemical Co.) diluted 1:2,000 in PNT was added. After 1 h at 37°C, 100 l/well of 2,2-azino-di-3-ethyl-benzthiazoline sulfonate substrate (Kirkegaard and Perry Laboratories, Gaithersburg, MD) was added. Plates were incubated for 30 min at room temperature, and the optical density (OD) was measured at 405 nm. Each serum sample was tested in duplicate wells uncoated or coated with the recombinant polypeptides, and negative and positive controls were included in each plate. The cutoff OD value for seropositivity was set at Ն0.20 since this value was consistently above the mean adjusted OD plus 3 standard deviations for the negative control sera. Recombinant polypeptides from DENV1 to -4 were obtained as previously described (7, 23) .
In this study, REC IgG-ELISA yielded 89.4% (101/113) sensitivity in well-characterized paired dengue sera (groups A to D) and 93.3% specificity with one false-positive case out of 15 sera from healthy individuals (group E). Sensitivities ranged from 71.4% to 96% depending on the DENV serotype (Table  1) . Sensitivity was determined based on the results obtained from the analysis of both acute-and convalescent-phase sera from dengue cases, while specificity was determined by the analysis of unpaired dengue-negative serum samples. Potential cross-reactivity with other related diseases was investigated; low reactivity was observed in individuals positive for yellow fever virus (group F), and one serum specimen from groups positive for measles and rubella (groups G to H) cross-reacted, with ODs close to the cutoff value for the DENV recombinant peptides (Fig. 1) .
A total of 52 primary and 61 secondary cases were characterized by the standard IgG-ELISA using mouse brain antigen. The REC IgG-ELISA showed sensitivities of 78.9% (41/52) and 98.4% (60/61) in primary and secondary cases, respectively (Fig. 2) . Even though IgM antibody is the marker of choice in dengue diagnosis, some patients with secondary DENV infections produce low or undetectable levels of IgM, and the IgM response may be slow to appear and may be short-lived (13, 20, 22, 24) . Previous studies have shown that IgG is a more sensitive marker than IgM in secondary DENV infections (14) . In fact, REC IgG-ELISA was more sensitive in confirming secondary dengue cases (98.4%) than the IgM antibody capture ELISA (85.2%). The vast majority of symptomatic DENV infections in endemic regions are secondary infections, and the REC IgG-ELISA is highly reliable for diagnosing these cases. Furthermore, the use of paired acute-and convalescent-phase samples is recommended to avoid false-positive results in areas where dengue is endemic due to the long persistence of DENV IgG antibodies in many patients with secondary infection (21) . Our recombinant polypeptides, representing the N-terminal third of the DENV envelope, are highly expressed, easy to purify, and have already shown a high sensitivity and specificity in diagnosing DENV infections (7, 23) . Another assay for dengue diagnosis using recombinant proteins consisting of the N-terminal 80% of the envelopes of the four serotypes yielded 90% sensitivity and 86% specificity (6) . Recently, results obtained using a protein composed of DENV E, NS1, and NS3 epitopes expressed in E. coli in ELISAs were consistent with those obtained with a commercial kit (1) .
Recombinant DENV antigens produced in E. coli-based expression systems effectively address issues related to biohazard risks, cost, and specificity associated with the use of virus antigen-based diagnostic assays. The DENV E polypeptides presented here are useful not only for diagnosis of dengue based on IgM antibodies (23) but for detection of anti-DENV IgG responses as well.
